Abstract. We report new p(e, e ′ p)π • measurements in the ∆ + (1232) resonance at the low momentum transfer region utilizing the magnetic spectrometers of the A1 Collaboration at MAMI. The mesonic cloud dynamics are predicted to be dominant and appreciably changing in this region while the momentum transfer is sufficiently low to be able to test chiral effective calculations. The results disagree with predictions of constituent quark models and are in reasonable agreement with dynamical calculations with pion cloud effects, chiral effective field theory and lattice calculations. The reported measurements suggest that improvement is required to the theoretical calculations and provide valuable input that will allow their refinements.
Introduction
Hadrons are composite systems with complex quark-gluon and meson cloud dynamics that give rise to non-spherical components in their wavefunction which in a classical limit and at large wavelengths will correspond to a "deformation". In recent years an extensive experimental and theoretical effort has been focused on identifying and understanding the origin of possible non-spherical amplitudes in the nucleon wavefunction [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30] . The spectroscopic quadrupole moment provides the most reliable and interpretable measurement of such amplitudes. For the proton, the only stable hadron, it vanishes identically because of its spin 1/2 nature. Instead, the signature of the non-spherical components of the proton is sought in the presence of resonant quadrupole amplitudes (E In the constituent-quark picture of hadrons, the nonspherical amplitudes are a consequence of the non-central, color-hyperfine interaction among quarks [31] . However, it has been shown that this mechanism only provides a small fraction of the observed quadrupole signal at low momentum transfers, with the magnitudes of this effect for the predicted E2 and C2 amplitudes [32] being at least an order of magnitude too small to explain the experimental results and with the dominant M1 matrix element being ≃ 30% low. A likely cause of these dynamical shortcomings is that the quark model does not respect chiral symmetry, whose spontaneous breaking leads to strong emission of virtual pions (Nambu-Goldstone Bosons) [33] . These couple to nucleons as σ·p where σ is the nucleon spin, and p is the pion momentum. The coupling is strong in the p wave and mixes in non-zero angular momentum components. Based on this, it is physically reasonable to expect that the pionic contributions increase the M1 and dominate the E2 and C2 transition matrix elements in the low Q 2 (large distance) domain. This was first indicated by adding pionic effects to quark models [34, 35, 36] , subsequently in pion cloud model calculations [20, 21] , and recently demonstrated in effective field theory (chiral) calculations [37] .
An experimental effort of many years, where MAMI and Bates/MIT have focused at the low and medium momentum transfer region while JLab has offered measurements up to Q 2 = 7.7 (GeV /c) 2 , has allowed the extensive exploration of the resonant quadrupole amplitudes [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 26, 27, 28, 29, 30] . The experimental results (the ratios CMR = Re(S ) are routinely used to present the relative magnitude of the amplitudes of interest) are in reasonable agreement with models invoking the presence of nonspherical components in the nucleon wavefunction. With the existence of these amplitudes well established, recent investigations have focused on testing the reaction calculations and reducing the experimental errors and the theoretical uncertainties in extracting the rather small resonant multipoles from the data. In order to fully exploit the experimental capabilities one has to explore all three reaction channels associated with the γ * N → ∆ transition: H(e, e ′ p)π 0 , H(e, e ′ π + )n and H(e, e ′ p)γ. Furthermore, it is also important to control the effect of the background contributions which play a more significant role off resonance and that are also dominant in the T L ′ (fifth structure function) observable. Extending the momentum transfer range of the measurements, providing measurements of higher precision, exploring further the wings of the resonance which provides valuable sensitivity to the background amplitude contributions and measurement of the practically unexplored photon excitation channel can contribute toward a more accurate description of the nucleon resonance and can offer a better understanding of the underlying nucleon dynamics. In this paper a high precision measurement of the CMR at Q 2 = 0.127 (GeV/c) 2 is presented in the region where the pion cloud plays a significant role. Furthermore, measurements at Q 2 = 0.20 (GeV/c) 2 demonstrate that the dynamical models are not accurately calculating the background amplitudes which are needed to describe the data away from the resonance energy.
The Experiment
In this work we have explored the low momentum transfer region with new measurements of the π
• reaction channel that are particularly sensitive to the meson cloud dynamics. New measurements have been performed at Q 2 = 0.127 (GeV/c) 2 . These measurements offer the extraction of the Coulomb quadrupole amplitude with a better precision than the previous MAMI measurement [6] and allow an important cross check to the corresponding (same momentum transfer) measurements performed in other labs [12, 13] . Furthermore, the data set at Q 2 = 0.20 (GeV/c) 2 from [27] has been further analyzed by fully exploiting the previously unexplored wide phase space coverage of these measurements to study the dependence of the amplitudes on the center-of-mass energy W; this analysis was motivated by the strong deviations of the theoretical model predictions as a function of the center-of-mass energy in the measured region. The differential partial cross sections of the reaction have been extracted at Q 2 = 0.20 (GeV/c) 2 as a function of the center-of-mass energy W with high precision and offer strong experimental constraints that allow to resolve these theoretical discrepancies.
The cross section of the p(e, e ′ p)π 0 reaction is sensitive to five independent partial responses (σ T , σ L , σ LT , σ T T and σ LT ′ ) [24] :
where v LT = 2ǫ(1 + ǫ) and v LT ′ = 2ǫ(1 − ǫ) are kinematic factors, ǫ is the transverse polarization of the virtual photon, Γ the virtual photon flux, h = ±1 is the electron helicity, p e is the magnitude of the electron longitudinal polarization, and φ * pq is the proton azimuthal angle with respect to the electron scattering plane. The differential cross sections (σ T , σ L , σ LT , σ T T and σ LT ′ ) are all functions of the center of mass energy W, the four momentum transfer squared Q 2 , and the proton center of mass polar angle θ * pq (measured from the momentum transfer direction) [24] .
The σ 0 = σ T +ǫ · σ L response is dominated by the M 1+ resonant multipole. The interference of the C2 and E2 amplitudes with the M 1 dominates the Longitudinal -Transverse (LT) and Transverse -Transverse (TT) responses respectively. The σ LT ′ response [24] provides sensitivity to background contributions [40] primarily through the Im(S * 0+ M 1+ ) term; as a result the real part of S 0+ is manifested through interference with the dominant imaginary part of M 1+ .
The experiment was performed at the Mainz Microtron using the A1 magnetic spectrometers [41] in an arrangement reported in [28, 42] . An 855 M eV polarized electron beam was employed on a liquid-hydrogen target. The beam energy has an absolute uncertainty of ± 160 keV and a spread of 30 keV (FWHM). Beam polarization was measured periodically with a Møller polarimeter to be ≈ 75%. The beam average current was 25 µA. Electrons and protons were detected in coincidence with spectrometers A and B respectively. Both spectrometers use two pairs of vertical drift chambers respectively for track reconstruction and two layers of scintillator detectors for timing information and particle identification [41] . Spectrometer B allows out-of-plane detection capability of up to 10
• with respect to the horizontal plane which in the center of mass frame corresponds to much larger values. Out of plane angles, φ * pq , up to 90
• were accessed in our measurements thus allowing the isolation of the fifth response. Measurements with the proton spectrometer at three different azimuthal angles, φ * pq , for the same central kinematics in W, Q 2 and θ * pq allowed the extraction of all three unpolarized partial cross sections σ T T , σ LT and
Measurements were performed at Q 2 = 0.20 (GeV /c) 2 for proton angles of θ * pq = 34
• and 57
• , covering a centerof-mass energy range from W = 1205 M eV to 1240 M eV . • while the right panels to θ * pq = 57
• . The theoretical predictions of DMT (dot), SAID (dash-dot), MAID (dash) and Sato Lee (solid) are also presented.
At each θ * pq kinematics the proton spectrometer was sequentially placed at three different azimuthal φ * pq angles (0
• , 90
• , 180
• and 38
• , 142
• respectively) which allowed to isolate the σ T T , σ LT and • allowed the extraction of the partial cross sections at W = 1232 M eV . Point cross sections were derived from the finite acceptances by projecting the measured values using theoretical models [20, 21, 22, 23, 24, 25] while the projection to central values had a minimal influence on the systematic error. SIMUL++ [43] is the simulation software that was employed to calculate the multidimensional kinematical phase space. Acceptance cuts were utilized in order to limit the analysis to the central region of the spectrometers and to ensure that any possible edge effects will be avoided. Radiative corrections were applied to the data using the Monte Carlo simulation; a detailed description of these corrections can be found in [42] . Systematic uncertainties were reduced by using Spectrometer C throughout the experiment as a luminosity monitor. Elastic scattering data from H and 12 C for calibration purposes were taken at 600 MeV. The systematic uncertainty of the cross sections [42] is at the level of 3% to 4%. The main contributions to the systematic uncertainty came from uncertainties to the luminosity, phase space, angular and momentum resolution of the spectrometers, beam position and the model uncertainty for the extraction of point cross sections. The luminosity uncertainty comes from a 1% uncertainty in the target length and a 1% uncertainty in the density (these uncertainties have been conservatively added linearly). The phase-space cut uncertainties corresponding to the stability of the results to the variation of the size of the kinematic phase space cuts are typically to the order of 1.5%. The spectrometer angular and momentum resolution resulted to an uncertainty of 1%. The spectrometer positioning uncertainties of 0.6 mm and 0.1 mrad are much smaller than the resolution uncertainties and thus do not affect significantly the results. The beam position had a systematic effect of 1% to the cross section while the model uncertainty for the extraction of point cross sections was typically at the 0.5% level. Systematics were the dominant uncertainty factor in this experiment since the statistical uncertainties are typically smaller than 1%.
Results and Discussion
The experimental results are presented in Table 1 and  Table 2 while the measured partial cross sections are plotted in figs. 1 and 2. Figure 1 shows σ LT , σ LT ′ , σ T T and σ 0 as a function of the center-of-mass energy at Q 2 = 0.20 (GeV /c) 2 . The new measurements come to complete the exploration performed at the same momentum transfer [27] and cover a center-of-mass energy range where the theoretical calculations exhibit significant disagreement to their predictions. The precision of the new measurements allows to resolve these model discrepancies. The experimental results are compared with the SAID multipole analysis [25] , the phenomenological model MAID 2007 [23, 22] and the dynamical model calculations of Sato-Lee [20] and of DMT (Dubna -Mainz -Taipei) [21] . The Sato-Lee (SL) [20] and DMT [21] are dynamical reaction models which include pionic cloud effects. Both calculate the resonant channels from dynamical equations. DMT uses the background amplitudes of MAID with some small modifications. Sato-Lee calculate all amplitudes consistently within the same framework with only three free parameters. Both find that a large fraction of the quadrupole multipole strength arises due to the pionic cloud with the effect reaching a maximum value in this momentum transfer region. Sato-Lee offers a good description of the data slightly overestimating σ o at the lower wing of the resonance. DMT is in good agreement with all partial cross sections except σ LT indicating that the Coulomb quadrupole amplitude is significantly overestimated. The SAID multipole analysis [25] and the MAID model [22, 23] which offers a flexible phenomenology may agree with all measurements at W=1232 MeV but they tend to systematically overestimate all partial cross sections at the lower wing of the resonance. Furthermore MAID exhibits a significant overestimation of the fifth structure function σ LT ′ thus indicating that a re-adjustment is needed both in the resonant and in the background amplitudes. Figure 2 shows the partial cross section measurements as a function of θ * pq at Q 2 = 0.127 (GeV /c) 2 . The comparison of the measurements with the theoretical calculations is consistent with the data-model comparison at
DMT is overestimating the σ LT (and the Coulomb quadrupole amplitude) while MAID tends to overestimate the fifth structure function. All other observables are in good agreement with the theoretical predictions. Nevertheless this does not guarantee the success of any of the models; the Q 2 = 0.20 (GeV /c) 2 measurements are also in good agreement with the theoretical calculations at the same center-of-mass energy but at the same time they exhibit a strong disagreement at the lower wing of the resonance.
Fits of the resonant amplitudes have been performed at Q 2 = 0.127 (GeV /c) 2 while taking into account the contributions of background amplitudes from MAID, DMT, SAID and Sato Lee models. The fitting procedure used in this analysis is described in detail in [28, 42] . The models differ in their description of the background terms thus leading to a deviation of the fitted results which indicates the level of the model uncertainty. We adopt the RMS deviation of the fitted central values as the model uncertainty of the extracted amplitudes. Fits where also performed where background amplitudes, such as S 0+ , were allowed to vary in addition to the resonant amplitudes. They resulted in successful descriptions of σ LT ′ but the difference in the derived resonant amplitude results from those of the resonant-only parameter fits were inconsequential. The extracted value for the CMR is (−5.25 ± 0.61 stat+sys ± 0.30 model )%. A measurement of the M 3/2 1+ = (39.99 ± 1.04 stat+sys ± 0.60 model )(10 −3 /m π + ) is also provided through this experiment. The extracted value for the Coulomb quadrupole amplitude is found in agreement with previous measurements [6, 12, 13] . For the Bates/MIT measurements the CMR extraction is driven by the σ LT measurements of [12] , which when compared to the cross section measurements of this work tend to be systematically higher (but in agreement within the experimental uncertainties), thus leading to a higher CMR ratio for Bates/MIT but within experimental agreement to this MAMI measurement.
The derived CMR value indicates a rather smooth momentum transfer variation toward the lowest Q 2 data point (see fig. 3 ). No evidence of any local dip inside the Q 0.06 − 0.20 (GeV /c) 2 region is supported by this measurement, while this result is found to be in good agreement with the measurements of [6, 13] . The SAID, MAID, DMT and Sato Lee models are in qualitative agreement with the experimental results but detailed improvements could and should be implemented to all of these calculations; the measurements presented in this work provide strong experimental constraints and offer valuable information in order to improve the weaknesses of the theoretical calculations. Constituent quark model (CQM) predicitions are known to considerably deviate from the experimental results, grossly underestimating the resonant amplitudes. Two representative CQM calculations are shown in fig. 3 , that of Capstick [2] and of the hypercentral quark model (HQM) [39] , which fail to describe the data. It demonstrates that the color hyperfine interaction is inadequate to explain the effect at least at large distances. Effective field theoretical (chiral) calculations [37, 38] , that are solidly based on QCD, successfully account for the magnitude of the effects giving further credence to the dominance of the meson cloud effect. Results from lattice QCD [19] are accurate enough to allow a comparison to experiment with the chirally extrapolated [37] values of CMR found to be nonzero and negative in the low Q 2 region. Obtaining lattice results of higher precision using lighter quark masses and further refining the chiral extrapolation procedure will offer a more meaningful comparison in the near future.
Conclusion
Cross section measurements for π
• electroproduction in the ∆(1232) resonance have been performed at the low momentum transfer region where the mesonic cloud dynamics are predicted to be dominant and appreciably changing and a precision measurement of the Coulomb quadrupole amplitude has been achieved. The partial cross sections have been measured as a function of the proton center of mass polar angle and of the center of mass energy in a kinematic range where the predictions of the theoretical calculations exhibit significant differences. The strong experimental constraints provided by the new results offer valuable input in order to improve the model discrepancies. The measured resonant amplitudes are in disagreement with the values predicted by quark models on account of the noncentral color-hyperfine interaction. The momentum transfer region is sufficiently low to be able to test chiral effective calculations. The results are in qualitative agreement with lattice calculations, with chiral perturbation theory calculations and with dynamical models which explicitly include the pion cloud. Nevertheless all of these calculations require further refinements in order to obtain quantitative agreement with experiment. For the dynamical models the experimental data demonstrate that the background amplitudes, which are needed to describe the data away from the resonance energy, are not accurately calculated.
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